In order to model and predict the alteration of medieval potash-containing stained glass, it is necessary to understand the mechanisms of alteration layer formation at the glass surface and its role on the evolution of alteration kinetics. Moreover, the alteration layers observed on stained glasses are particular, as they are often fractured and heterogeneous in terms of thickness, with the appearance of pits and the detachment of scales. Contrary to silicate glasses altered in aqueous environment where the gel layer has a protective role, cracks and scales are harmful to the durability of stained glasses altered in air. In order to address these mechanistic issues, a program of experiments in the laboratory and in the field were performed. The fracturing was shown to be caused by the growth of the alteration layers and amplified by the alternation of humid and dry periods changing the density of hydrated layers. The pitting is initiated by defects at the glass surface and increased in external atmospheric medium as these defects fix the precipitated salts. However, despite fracturing and pitting, the development of an altered layer imposes a diffusive transport of the solution between the external medium and the bulk glass.
INTRODUCTION
Alteration of silicate glasses has geochemical consequences as the release of elements from natural glass contributes to the composition of rivers and oceans [1] . High-level activity nuclear wastes are also vitrified, and the assessment of their durability is essential to constrain the radionucleides release in the geological disposal [2] . Likewise, archaeological glass objects or stained glass windows are subject to alteration whether it is in buried soils, in seawater (shipwrecks), in museums or in contact with the atmosphere and they are required to be preserved as cultural heritage.
That is why numerous studies deal with the understanding of the glass alteration mechanisms, the measurements of the kinetics of these processes and the development of predictive models of alteration. Mechanisms of glass alteration are common to all silicate glasses in contact with aqueous solutions. Three mechanisms can be distinguished: (1) interdiffusion or ion exchange between glass alkali elements and hydrogenated species in solution (H 3 O + , H 2 O) that leads to a selective leaching and to an increase of pH of the solution [3] [4] [5] , (2) dissolution of the glassy network by hydrolysis of iono-covalent bonds (Si-O-Si, Si-O-Al) [6] , and (3) secondary phase precipitation. These alteration mechanisms lead to the formation of alteration products. Interdiffusion and/or local reactions of hydrolysis/condensation cause the formation of a hydrated glass or a gel [7] for all kinds of glasses and alteration media. Secondary phases can also precipitate at the glass -solution interface. They mainly consist in phyllosilicates and carbonates in aqueous medium [8] [9] or in salts (sulfates, nitrates, carbonates, phosphates) in atmospheric medium [10] [11] [12] .
Alteration kinetics of the different mechanisms have been studied on ancient samples and in laboratory. The alteration rate evolves with time, and several kinetic regimes have been identified [13] . Kinetic parameters have been experimentally determined for several glasses: for basaltic glass [14, 15] , for archaeological glass [16] and for nuclear glass [13] . They are specific to each glass composition.
Geochemical glass alteration models are based on a conceptual description of these mechanisms (diffusion, dissolution) and the experimental parameterization of associated kinetics. Speciation of elements in solution evolving as alteration progresses is calculated and leads to the precipitation of secondary products [13, 16, 17] . However, these models required relatively constant alteration conditions. This is in contrast with the atmospheric environment characterized by the alternation of dry and humid or rainy periods, causing greater complexity of processes. Indeed, climate plays a major role, especially water in the form of rainfall or gaseous condensation (corresponding to wet and dry deposition, respectively). Besides, over the last 200 years, the rising energy needs have been responsible for an increase in the emissions of gases (SO 2 , CO 2 , NO x ) and particulate matter. Especially, gases cause an acidic deposit onto glass which accelerates their dissolution and the formation of salts which can in turn improve alteration [18] .
Even if alteration mechanisms are the same in atmospheric and in aqueous environment [19] , stained glass weathered in atmosphere presents specific features, such as pits, cracks, and scaling [10, [20] [21] [22] . Their formation is not always understood and in the prospect of modeling the glass alteration in atmosphere, the assessment of their role on the glass alteration kinetics is required. The presence of cracks involves that the circulation of solution up to the interface between bulk and altered glass can be fast relative to the diffusion of solution through the porosity of alteration layers. The departure of scales (loss of material) also leads to the appearance of new bulk glass surfaces and can delay the establishment of an alteration rate drop. Moreover, local rainfall events favors an intense leaching of the surface, and evaporation results in very thin water films whose composition rapidly evolves in terms of composition and pH.
The observation of ancient glasses gives values of an apparent alteration rate (alteration thickness divided by exposure time). The mean rate of alteration (r alt ) ranges from 0.06 to 0.28 μm/year for medieval potash glasses [10, [20] [21] [22] and can be variable on a same piece of stained glass.
Thus, the objective of this paper is not only to understand the processes responsible for specific features observed on weathered stained glass windows, such as fracturing and pits, but also to assess their influence on alteration kinetics. For this, experiments are performed in controlled conditions on synthetic stained glass samples.
EXPERIMENTAL METHODOLOGY
Various experiments were performed on a synthetic glass that models ancient potash Experiment 1 (1Unsh3 -1Unsh6 -1Sh36) consists in exposure of three glass samples to the urban atmosphere on top of Saint-Eustache tower in Paris: two were exposed unsheltered from the rainfall for 3 and 6 months (1Unsh3 and 1Unsh6) and one was placed in a sheltered condition during 36 months (1Sh36) [12] .
Experiment 2 (2UnshDC -2UnshDA) aimed at determining if the alternation of rainfall events and drying periods is responsible for fracturing of altered layers. For this, experiments in the laboratory were carried out on glass samples in dynamic conditions. The dynamic system ( Figure 1 ) allows renewing a solution continuously thanks to a peristaltic pump (flowrate = 0.7 mL/min) and PharMed ® tubes connected to a small Savillex ® cell (60 mL) containing glass sample and placed in an oven at 50°C. The leachates are collected at regular intervals. The alteration solution is a synthetic rainwater whose composition is close to rains in Paris that we analyzed (Table 1 ). In the first experimental run, the solution is constantly renewed during 1 month (2UnshDC). In the second one, the time of leaching is also 1 month but the sample undergoes drying phases (3 days at ambient temperature after each 4-days alteration periods) (2UnshDA). Experiment 3 (3UnshC2) consists in exposing a glass sample placed in a PTFE reactor at 20°C containing 100 mL of synthetic rainwater during 635 days and maintained in static condition. Leachates are collected at regular intervals during the first month (1, 2, 7, 10, 14, 21 days).
Experiment 4 (4Ch1) aimed at reproducing a dry deposition in the Interactions between Materials and Environment Chamber (CIME). This device is a modular system for simulating varied climatic and environmental contexts, with the ability to integrate the climatic parameters (temperature, relative humidity) and gaseous pollutants (SO 2 , NO 2 ). One glass sample was weathered for 37 days at 20°C with a relative humidity ranging from 80 to 92%. Five injections of 400 ppb of SO 2 and two of 80 ppb of NO 2 per day were carried out.
For experiments 1 to 3, the collected glass samples were dried and cut in two pieces using a diamond knife. One piece was directly gold-coated. The other piece was embedded in epoxy resin to prepare a cross-section, polished using SiC paper (grade < 1200) and diamond suspensions (9 3 1 μm) and then gold-coated. Samples were observed by SEM-EDS (JEOL JSM-6301F SEM linked with a Link ISIS300 EDS detector) at 20 kV. The sample of experiment 4 (4Ch1) was observed without coating by using a Hitachi TM3030 Tabletop SEM at 5 kV.
All the leachates of experiments 2 and 3 were acidified with pure HNO 3 (1% of the volume) and analyzed by Inductively Coupled Plasma -Atomic Emission Spectroscopy (ICP-AES) (Si, Al, Ca, Mg, K, P). The uncertainty ranged from 3% to 5% depending on the elements considered. The concentrations C i (where i is the element analyzed) in g·L -1 are corrected for the dilution factor and are used to calculate the normalized mass loss of the glass (NL i ) in g·m -2 :
with V the volume of solution in the reactor, S the reactive surface area and x i the mass fraction of i in the glass.
RESULTS AND DISCUSSION

Morphology of the altered layer: observations and processes
By comparing the morphology of altered samples exposed in unsheltered and sheltered conditions (1Unsh3, 1Unsh6 and 1Sh36) with similar alteration thicknesses by SEM-EDS, it is possible to highlight the role of the environment. The sample 1Unsh3 displays a zonation with dark altered zones and light zones corresponding to bulk glass (Figures 2a and 2b) . Several cracks and some precipitated phases are present in the dark zones. The sample 1Unsh6 shows the same characteristics with an increasing alternation of dark altered zones (poor in K and Ca) and light pristine glass (Figures 2c, 2d and 3) . The altered parts are much more densely fractured and some scaling is observed. The secondary phases on the surface probably correspond to calcium carbonate minerals (CaCO 3 ) and silica (SiO 2 ). The sample 1Sh36 also displays a zonation in the form of waves corresponding to K and Ca enriched or poor zones and caused by the weathering (Figures 2e and 2f) Cross-sections allowed altered layers to be analyzed and thicknesses to be measured. The altered layer is confirmed to be poor in K, Ca and Mg. 1Unsh3 displays an average alteration thickness of 750 nm (varying from 250 to 1000 nm), 1Unsh6 of 1700 nm (range of 500 nm to more than 2000 nm), and 1Sh36 of 1000 nm (range of 400 to 3200 nm).
The comparison of these samples shows that the morphology of altered layers, formed by an interdiffusion process, changes as a function of the sheltered (zonation) / unsheltered (scaling) exposure. The apparent alteration kinetics are also different, increasing by an order of magnitude between sheltered and unsheltered samples depending on the duration of exposure. Therefore fracturing seems to be induced more by the growth of the alteration layer (with an evolving density) than the environmental (rainfall, variations of relative humidity) conditions. SEM observations of samples from experiment 2 (Figures 4a and 4b) show that the use of a dynamic system is too aggressive to reproduce realistic rainfall conditions. The glass is dissolved at a high rate (see below), leading to a very thin remaining hydrated layer (650 nm on 2UnshDC and 2UnshDA) poor in K, Ca and Mg, and local thick precipitation (between 1 and 18 μm on 2UnshDC) of Si, Al, Mg rich phases (probably phyllosilicates [16] Finally, the SEM observations of the sample 4Ch1 weathered in the atmospheric chamber (CIME) show that sulfates (probably gypsum and syngenite) are formed on the surface ( Figure  7 ). The size of these salts ranges from a few microns to 25 μm. Around the salt, a leaching zone shows that the alteration begins preferentially at the contact of salts. This in agreement with other's experiments [18] , which have demonstrated that the presence of salts extend the time of wetness of the glass surface and can form saline solutions in the case of deliquescent salts leading to a strong leaching. In summary, fracturing of the leached layer is caused by its growth with time, even in an aqueous medium, and its intensity is improved by the alternation of drying periods. The initial roughness results in a preferential leaching in isolated zones during rainfall events and becomes the predominant location for the fixation of salts in dry deposition conditions.
Evolution of the kinetics of alteration
Exposure conditions of stained glass windows are not well-known, but are never totally sheltered. The apparent alteration rate measured for medieval potash stained glass (after around 650 years of exposure) varies between 0.06 and 0.28 μm·year -1 in the altered zone (Table 2 ). This range could be underestimated if altered glass is lost but in some cases the initial surface is visible when it remains grisaille layer for example [22] . In order to constrain the evolution of alteration kinetic during several centuries, the kinetic data deduced from the different experiments are summarized in Table 2 and extrapolated over 650 years. The samples exposed in real conditions unsheltered from rain at 12°C for short durations have an apparent alteration rate of 3-3.4 μm·year -1 . By assuming a linear rate and extrapolating it over 650 years, it gives an expected alteration thickness of 2000 μm, which is one order of magnitude higher than what has been observed on ancient samples. Apparent short-term alteration rate in sheltered condition (0.33 μm·year -1 ) is more in agreement with ancient samples. The analyses of leachates in experiments 2 and 3 show that the dissolution is congruent for Si, Al, K, Ca, Mg and P and the dissolution rate (r 0 ) is equal to 0.15 g·m -2 ·d -1 at 20°C (i.e. 21 μm·year -1 by dividing by the glass density = 2.6 g·cm -3 ) (Figure 8a ) and 2.9 g·m -2 ·d -1 at 50°C (i.e. 407 μm·year -1 ) (Figure 8b ). There is no difference of kinetics between 2UnshDC and 2UnshDA as the dissolution of glass prevents the formation of a significantly thick altered layer. The activation energy (Ea) can be deduced by using an Arrhenius' law:
with k a kinetic constant, R the ideal gas constant and T the temperature. The activation energy is found to be 75 kJ·mol -1 , which is typical of the dissolution of silicate glasses [16] and this gives an expected dissolution rate of 0.07 g·m -2 ·d -1 or 9.8 μm·year at 12°C (the average annual temperature in North of France) and an expected thickness of dissolution of 6.4 mm after 650 years. However, by considering that rainfall events occur 6% of time (548h·y -1 in average between 1961 and 1990 at Paris Montsouris, Meteofrance data), the expected thickness of dissolved glass would be 384 μm. This value is conservative as it assumes that rainfall events are strong enough to lead to a constant renewal of the solution and to a maximal dissolution rate, whereas there are only 16 days per year (over 187 rainy days) where precipitation is higher than 10 mm per day (Meteofrance data). However, this value of dissolved glass is too high compared to the observed glass loss on ancient samples.
Moreover, the solution analyses of experiment 2 and 3 ( Figure 8 ) also lead to the calculation of a diffusion coefficient (D) in saturated conditions by using the second Fick's law:
with e the alteration thickness, the density of glass and t the time. [23] . Nevertheless, by using this value, the expected alteration thickness is 1.9 μm after 3 months, 2.7 μm after 6 months and 96 μm after 650 years, consistent with measured values on 1Unsh3 and 1Unsh6, as well as ancient samples, respectively.
In summary, two hypotheses can be proposed to explain the long-term evolution of alteration kinetics. Either the glass is altered at a high dissolution rate during local events, or the alteration rate of glass is initially high and decreases with time. The first hypothesis can be questioned as the high short-term apparent alteration rate required events of too long duration and leads to huge altered thickness for long times. On the contrary, the second hypothesis based on a diffusion-controlled kinetics is consistent with short and long term exposures. This means that the alteration layer imposes a global diffusive transport, and the presence of cracks does not induce a significant preferential access of solution to the interface bulk -altered glass.
CONCLUSIONS
Medieval potash-containing stained glasses display characteristic altered layers with pits, cracks and scales. Fracturing is caused by alternation of humid and dry periods changing the density of hydrated layer, as well as by the growth of alteration layers during a nearly constant contact with an aqueous solution. The pitting alteration is found to be initiated by roughness and increased by the precipitation of salts at the surface in atmospheric medium. Both phenomena, fracturing and pitting, lead to the progression of the alteration at the bottom of pits often crossed by a crack. Moreover, the development of the altered layer leads to a diffusive transport through the altered glass, and thus, a progressive drop in the alteration rate.
